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Microstrip patch antennas were first investigated from the idea that it would be
highly advantageous to fabricate radiating elements (antennas) on the same dielectric
substrate as RF circuitry and transmission lines. Other advantages were soon discovered
to be its lightweight, low profile, conformability to shaped surfaces, and low
manufacturing costs. Unfortunately, these same patches continually exhibit narrow
bandwidths, wide beamwidths, and low antenna gain. This thesis will present the design
and experimental results of a microstrip patch antenna receiving array operating in the Ku
band. An antenna array will be designed in an attempt to improve its performance over a
single patch. Most Ku band information signals are either wide band television images or
narrow band data and voice channels. An attempt to improve the gain of the array by
introducing parasitic patches on top of the array will also be presented in this thesis.
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INTRODUCTION
A microstrip patch antenna is simply a conducting patch suspended above a
ground plane as seen in figure 1-1. The conducting patch and the ground plane are
separated by a low loss dielectric material called a substrate. The shape of the patch can
be arbitrary. The most popular shapes however, are the rectangle and circle. A coaxial
line or stripline can be used to carry electromagnetic energy to the patch. Regardless of
which feed line is used, the energy is first carried to the region under the patch. This
region acts like a resonant cavity with open circuits on all sides. At this point the energy
is either reflected back along the same feed line or it leaks out and radiates into free space
resulting in an antenna. The operating frequency of a microstrip antenna is determined
by the dimensions of the patch, such as size and shape, as well as the thickness and
dielectric constant (er) of the substrate used to separate the patch and the ground plane.
Generally, if the substrate is not changed, the operating frequency is lowered as the area
of the patch is increased.
Conducting Patch
Dielectric
Substrate
\
Coaxial Ground
Feed Plane
(A) Side View (B) Top View
Figure 1-1. Single Microstrip Patch Antenna with Coaxial Feed
(A) Side View, (B) Top View
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Microstrip antennas were first designed from the idea that it would be highly
advantageous to fabricate radiating elements on the same dielectric substrate as RF
circuitry and transmission lines. Other advantages of microstrip antennas were soon
discovered to be its lightweight, low profile, conformability to shaped surfaces, and low
manufacturing costs. High speed vehicles such as aircraft, missiles, and communication
satellites are the perfect candidate for this type of antenna. Unfortunately, studies on
single microstrip patches [1 ] have demonstrated poor antenna characteristics. Namely,
single patches have exhibited narrow bandwidths, wide beamwidths, and low antenna
gain.
1,1 Methods for Improving Antenna Gain, Bandwidth, and Beamwidth
Little can be done about improving the antenna characteristics of a single patch by
simply changing the geometry of that patch. However, when additional patches are
placedcloseto a fedpatchmostof theantennacharacteristicsareimproved. If theadded
patchesareparasitictheneithertheoperatingbandwidthof theantennais improvedor an
increasein gain is observed[2], dependingon thespacingbetweenthepatches.Normally,
thegain is increasedandthebeamwidthis narrowedwhentheaddedpatchesareall fed
patches[3].
Parasiticpatchescancauseanincreasein bandwidthby creatingdualor multiple
resonancesin thefrequencycharacteristicsof theantenna.Theycanalsocausean
increasein gainby capturingandredirectingtheradiationfrom thefed patchto enhance
theradiationin thedesiredbroadsidedirection. Thedesiredimprovementswill notbe
sacrificedwhethertheparasiticpatchesarestackedon top of or in the sameplaneasthe
fedpatch. Thestackedgeometryis shownin figure 1-2andhasbeencalledan
electromagneticallycoupledpatchantenna(EMCP). A coplanargeometryis shownin
figure 1-3.
Fed
Patch
Parasitic
Patch
DielectricMaterial2
(Air)
Material 1
Stripline
Feed
GroundPlane
Figure 1-2. Microstripline Fed EMCP Antenna
4_ ParasiticPatches
FedPatch
_Dielectric Substrate
Figure 1-3. Top View of a Coplanar Cross Antenna
When two or more fed patches are placed close to one another the gain of the
antenna is usually increased coinciding with a narrowing of the beamwidth. This type of
arrangement is typically referred to as a microstrip patch antenna array. The most
common formation of microstrip array is the planar array discussed in chapter three. A
planar array exists when all the patches are placed in the same plane and are finitely
spaced in two directions as seen in figure 1-4. In general, the radiation pattern of a
microstrip array consists of a main beam, usually in the broadside direction, and several
sidelobes. The gain is increased by focusing the radiated energy of the antenna into a
narrower main beam as well as transferring energy from the sidelobes into the main
beam. Typically, as the number of patches are increased so is the gain.
Still other methods have been developed that cause an increase in bandwidth
without introducing additional patches. These methods increase the bandwidth of a patch
by altering its substrate permittivity. A few of these permittivity altering devices may
includeinsertingvaractordiodesor shortingpostsinto apatch'sdielectricsubstrateor
creatingadjustableair gapsbetweenapatchandits groundplane.
Figure 1-4. Example of a Microstrip
Planar Array Configuration
1.2 Fabrication Process
As stated before, one of the advantages of microstrip antennas is its compatibility
with integrated circuit technology. This can reduce the complexity and cost of an
electrical system in addition to reducing the power loss associated with a transition
between the antenna and printed circuit elements. The antenna patches and arrays that
were experimented on in this thesis were fabricated using a standard photo-resist-etching
process similar to the methods used to fabricate printed circuit elements.
The process, depicted in figure 1-5, works by first designing an antenna array, or
any printed circuit system, using a CAD application. Once the antenna is designed and
saved as a CAD drawing file, the file is sent to a four by eight foot Aristo plotter. The
plotter cuts the corresponding antenna pattern on a material called rubylith masking film.
Rubylith consists of a thin, clear, and somewhat rigid mylar sheet covered by a peelable
6layerof soft red film [4]. A maskof theantennais createdby pealingawaythered film
from theareaswherecopperis unwantedon thecircuit board. Next anunfabricated
circuit boardis treatedwith aphoto-resistsolutionandheated.In orderto eliminatethe
unwantedcopper,themaskis placedon top of thecircuit boardandexposedto ultraviolet
light. Areasunderthered film arenot exposedbecauseit actslike afilter andblocksthe
ultraviolet light. Themaskis thenremovedandtheexposedcircuit boardis placedin a
spinnerwhereit is washedin a bathof chemicals.This spinnerisonly capableof
spinningcircuit boardssmallerthan7in x 7in. Any boardlargerthanthesedimensions
will fly out of theclampswhenspinninghasbegun. Thechemicalsin thewashreact
only with exposedcopperleavingthecopperunderthered film intactandetchingaway
therest. Eventually,thefinal productis acircuit boardthat is identicalto theoriginal
CAD drawing. Thesmallestdimensionthat canbeetchedwithin anallowabletolerance
onanycircuit boardhasbeenfoundto be 10mils. Any dimensionsmallerthan10mils
will beeitherover-etchedor under-etchedby anunacceptableamount.
Ultravioleq I I I
Light _
l Copper
D Dielectric
Unexposed Copper
_i,i_,,,_ _ __'_,% ii_i_i_i_
(A) (B)
Figure 1-5. Circuit Board Fabrication (A) Before Chemical Wash and (B) After
1.3 Thesis Outline
A brief introduction to microstrip patch antennas has been presented in this
chapter. Included in the introduction was a list of advantages such as compatibility with
integrated circuit technology, lightweight, low profile, low cost, and pliability.
Therefore, the antenna would be well suited to high speed vehicles. Some disadvantages
listed were low bandwidth, high beamwidth, and low antenna gain. Methods of
improving the characteristics of the antenna were then given. One method mentioned
introducing parasitic patches. Another method suggested arranging a number of fed
patches into an array. This thesis will present the design and experimental results of a
microstrip patch antenna receiving array. The array was designed for satellite reception
in the Ku band (11.7GHz - 12.7GHz). This range of frequencies was chosen due to the
number of direct broadcast television satellites (DBS TV) operating in this band. Along
with wide band television images, narrow band data and voice channels (radio and
telephone) are also in this band.
Previous research made on microstrip antennas will be presented in chapter two.
Experimental research on single patches will be given first. Research aimed at improving
the characteristics of single patch antennas will then be presented. The improvements
seen by each method will be given and compared with other methods.
Chapter three will begin with an introduction to the principle of pattern
multiplication. This principle influences the operating characteristics of most antenna
arrays. A satellite downlink power budget will then be evaluated. This power budget
will beevaluatedin orderto determinetheamountof antennagainrequiredby a
receivingantenna.Thegainwill haveto behighenoughin orderto receiveaclear
televisionsignal. Theestimatefor therequiredgainwill beusedto determinewhatsize
arraywill needto befabricatedin orderto achievethesamegain. A programdeveloped
by David Pozar,calledPCAAD,will beusedto determinethetheoreticaloperating
characteristicsof afew planararrays.Thesepredictionswill eventuallybecompared
with themeasuredresultsof arrays,presentedin chapterfive, fabricatedwith thesame
dimensions.
Preliminaryexperimentalresearchconductedin this thesisis presentedin chapter
four. This chapterwill first discussthestepstakenin theselectionof asuitablesubstrate
material. Testswerethenmadeonsinglepatchesto optimizethedimensionsof asingle
microstrippatchto operatein theKu band. Thechapterwill thenconcludewith an
explanationof a few researchlaboratoriesusedfor thecompletionof this thesisatthe
NASA LewisResearchCenterin ClevelandOhio. Theselaboratorieswereusedto
performtestson theproposedarraysin orderto determinetheir measuredoperating
characteristics.
Chapterfive will givetheexperimentalresultsobtainedfrom varioustestsmade
on theantennaarrays. Planararraysof size2x2,4x4, 8x8,andfinally 16x16weretested
to determinetheoperatingcharacteristicsfor eacharray. Theresearchalsoincludestests
madeon 8x8and16x16arraysincorporatingparasiticpatcheson top of thefedarray
layer. Thesetestsweremadeto determineif anincreasein antennagain ispossible
without compromisingthecomplexityof its design.
9Finally, the lastchapter(chaptersix) will beginwith abrief reviewof chapters
onethroughfive. Thelastchapterwill eventuallyconcludewith adiscussionon topicsof
furtherresearchandpossibleapplicationsof theantennaarrayspresentedin this thesis.
Chapter 2
PREVIOUS RESEARCH ON MICROSTRIP ANTENNAS
Chapter one briefly mentioned that research on single microstrip patch antennas
has shown that they exhibit low gain, narrow bandwidths, and wide beamwidths. Up to
this point the use of a single radiating patch is quite limited do to its poor operating
characteristics. This chapter is intended to describe the limitations of a single patch and
present some methods developed to improve these limitations.
2.1 Antenna Model
A few theoretical models have been developed in order to predict the basic
characteristics (gain and bandwidth) of a single microstrip patch. The most simple of
these models is known as the cavity model [5]. This model assumes the region under the
radiating patch to be a resonant cavity. The cavity is bounded on the top and bottom by
electric walls and on all sides by open circuit (magnetic) walls. A typical rectangular
microstrip patch antenna, including dimensions, is shown in figure 2-1. If the substrate
thickness (t) is much smaller than the operating wavelength, the fields under the patch
can be considered transverse magnetic (TM) with the electric field perpendicular to the
patch and ground plane. The electric and magnetic fields (E and H) can be determined by
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solving the wave equation subject to the appropriate boundary conditions. The radiation
pattern outside the cavity can be determined from the equivalent sources on the exit
region of the cavity.
a
Conducting Patch
T
±
Equivalent
Resonant
Cavity
(A) (B)
Figure 2-1.(A) Top View and (B) Side View of a Rectangular Microstrip Patch Antenna
2.2 Basic Operating Characteristics
Use of the cavity model allows easier prediction of the basic characteristics for the
microstrip patch antenna [6]. The number of resonant modes for the equivalent cavity is
infinite. The resonant frequency for each of these modes is obviously dependent on the
physical dimensions of the cavity. For instance, the size of the patch (a and b), the
dielectric permittivity of the substrate (er), and the thickness of the substrate (t) can all
For the rectangular patch of figure 2-1 theaffect the resonant modes of the antenna.
resonant frequencies are given by
fnm = knmc/27t_r
where
(2.1)
k2m = (mr_/a) 2 + (nrt/b) 2 (2.2)
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andc is thevelocity of light in freespace.In aneffort to makethemodelmoreaccurate
thedimensionsaandb canbesubstituted,in equation(2.2),for their effectivedimensions
to accountfor thepresenceof fringing fields. Theeffectivedimensionsaregivenas
ae = a+ t/2 (2.3)
be = b+t/2. (2.4)
Thelowestmodeisusuallytheoperatingmode. For arectangularshapedpatch
thelowestmodeis theTMi0. This moderadiatesstrongestin thebroadsidedirection
(perpendicularto thepatch). Referringto equation(2.2),asthedimensionsaandb are
increasedeachmodefrequencyis decreased.In otherwords,assumingthe lowestmode
is theoperatingmode,largerpatcheswill haveloweroperatingfrequencies.
In an ideal situationwherethegroundplaneunderthepatchis infinite, gainshave
beencalculatedto beashigh as6dB. Themeasuredgain[6] of mostpatcheshowever,is
usuallyaround5dB,probablydueto finite groundplanes.The measured gain of a single
patch is close to that of a quarter wave monopole which is around 4.3dB.
Referring to [1] and [5], a patch antenna simply appears as an impedance to its
feeding transmission line. This impedance can change depending on the feed position
between the transmission line and the patch. If the feed position is chosen carefully then
a good match between the transmission line (usually 50_) and patch can occur. A good
match is desirable in order to reduce standing waves on the transmission line which tend
to degrade performance. As the applied frequency to a patch is varied from its lowest
mode resonant frequency, signals can become severely degraded. In fact a patch
antenna's impedance bandwidth is defined as the range of frequencies such that signal
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degradationis minimal. Thisrangeis limited to thebandof frequencieswithin which the
VSWR _<2. Recallingfrom [6], the impedancebandwidthfor patchantennasis
consideredits operatingbandwidth. Theimpedancebandwidthhasbeenfoundto obey
thefollowing relationship:
Bandwidthoct/_r. (2.5)
Intuitively, avery thick substratewith a low permittivity wouldseemto bea wise
choicefor ahigh bandwidthantenna.However,aswith anyrealsystemthereis almost
alwaysatrade-offamongoperatingparameters.In practice,anincreasein substrate
thicknesscausesadecreasein efficiencydueto surfacewavegeneration.Therefore,the
substratethicknessrarely exceeds0.05L0,whereL0is thefreespacewavelength.For a
rectangularpatchtheoperatingbandwidthusuallyis around1%- 2%. To calculatea
percentbandwidth,thecenterfrequencyis dividedinto thedifferencebetweentheupper
andlowermostfrequenciesthat fall within theVSWR _<2 range,asshownin figure 2-2.
As acomparison,ahalf wavedipolehasabandwidthroughly 10%- 16%anda helical
VSWR BW=_ fH--fL)lO0%fc
_f
fL fc f.
Figure 2-2. Percent Bandwidth Calculation
antenna is close to 70%.
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2.2.1 Other Patch Geometries
Up to this point the only type of patch geometry that has been mentioned is the
rectangular patch. However, other geometries have also been studied [6]. The following
table (table 2-1) gives a comparison of the theoretical operating characteristics between
the rectangular patch and three other popular geometries. These four patches have very
similar characteristics and could be used interchangeably.
Table 2-1. Comparison of basic operating characteristics for four different antenna
patches (where t = 1.59mm, f = 2GHz, and er = 2.32).
Characteristics Rectangular Circular Equitriangular Annular-ring
Lowest Mode TM_0 TMI1 TMl0 TMll
Gain, G 6.1 dB 6.8dB 6.2dB 6.1 dB
Directivity, D 7.0dB 7.1 dB 7.1 dB 7.1 dB
Efficiency, r I 87% 94% 87% 86%
3dB Beamwidth
E-plane 102 o 100 ° 100 ° 103 o
H-plane 85 ° 80 ° 88 ° 81 o
Main Beam Broadside Broadside Broadside Broadside
Position
Bandwidth 0.7% 1.1% 0.8% 0.7%
Physical Area 16.1 cm 2 24.3cm 2 18.1 cm 2 10.6cm 2
There has been extensive research in the area of improving the bandwidth and
gain ofmicrostrip patch antennas [2], [7] - [10]. One method for improving these
characteristics has been to form an array of fed patches. A similar method forms an array
by stackingparasiticpatcheseitheron top of or adjacent to a fed patch. Still other
methods have included using mechanisms that slightly change the permittivity of the
substrate. A review of the research in these areas is given next.
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2.3 Antenna Gain Improvements
In past decades the only substantial improvements in gain, for patch antennas,
have been made by combining many patches into an array. As mentioned before, an
array can be built by using only fed patches or a mixture of fed and parasitic patches.
However, a majority of this thesis presents research on arrays that only use fed patches.
Therefore, an in depth study on these types of arrays will not be given here but in latter
chapters.
Gain enhancements have been studied [7] for parasitic arrays constructed in a
coplanar geometry, as illustrated in figure 2-3. This type of geometry is similar to the
traditional "Yagi" TV antennas consisting of a fed dipole and one or more parasitic
dipoles. Depending on the number of patches used and their interelement spacing, gains
for this type of array havereached as high as 10dB for a seven element array.
ParasiticPatches
16
Fed Patch
Figure 2-3. "Yagi" Type Microstrip Patch Parasitic Array
A second type of parasitic array, called an electromagnetically coupled patch
antenna (EMCP), has also been studied [2], [8]. This array, shown in figure 2-4, is
similar to the coplanar "Yagi" type array except that the parasitic patches are stacked on
top of the fed patch. Studies on these types of antennas showed some curious results.
Depending on s, the parasitic to fed patch spacing, the characteristics of the antenna could
be separated into three regions. Region one experienced wide bandwidths usually
exceeding 10% with gains similar to a single patch. This region occurred for s between 0
and 0.14Z, 0. The radiation patterns for region two (0.15_,0 < s < 0.30L0) were abnormal
and this region was deemed unusable for most applications. The last region, region three
(s > 0.30_,0), exhibited characteristics opposite those for region one. Namely, the gain
was increased to 8.4dB while the bandwidth decreased back down to less than 2%.
ParasiticPatch
\
//'///_ .-----Fed Patch
Figure 2-4. Typical EMCP Antenna
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2.4 Bandwidth Improvements
As discussed in the previous section, an EMCP antenna operating in region one
can be used to create an operating bandwidth close to 10%. Another approach to
increasing the operating bandwidth of a patch is to electrically tune its impedance
bandwidth over a band of frequencies. The resonant frequency of a given patch can be
changed if the effective permittivity (gr) of its substrate is altered, referring to equation
(2.1). This can be accomplished by implanting either varacter diodes or shorting posts
(figure 2-5) into the dielectric substrate. A varacter diode represents a capacitance that
changes depending on its applied voltage. As the voltage applied to the diode, embedded
in the substrate changes, so does its capacitance. This ultimately changes the dielectric
permittivity [9]. Shorting posts, or switching diodes, can also alter the dielectric
permittivity by introducing an inductance into the substrate [10]. The inductance
introduced is dependent on the number of posts and their separation. Both of these
methods have obtained a tuning range around 20%.
VaracterDiode ShortingPosts
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(A) (B)
Figure 2-5. IllustratingtheUseof (A) VaracterDiodesand
(B) ShortingPostsfor FrequencyTuning
2.5 Chapter Summary.
This chapter presented some typical operating values for a single microstrip patch
antenna. It was noted that these values were unsuitable for most applications. Therefore,
a few methods for improving these characteristics were then presented. Some of these
methods included constructing small arrays of either fed or parasitic patches. Other
methods incorporated small electrical devices such as diodes into their design. However,
it would be safe to assume that the complexity and/or size of a patch will be
compromised if its operating characteristics needed to be improved. The following table
lists comparisons of the operating characteristics between a single patch and the other
methods mentioned here.
Table 2-2. Comparison between a single microstrip patch and some other designs.
Gain, G
Bandwidth
Single Patch 2 Element 2 Element 3 Element Frequency
EMCP EMCP Parasitic Tunable
Region 1 Region 3 Array
6dB 6dB 8.5dB 8.1 dB 6dB
1%-2% 10%-20% 1%-2% 1%-2% _20%
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Theimprovedantennamethodsdiscussedin thischaptercouldfind some
applications.However,theseantennaswouldstill beunsuitablefor applicationsrequiring
veryhighgain(>25dB). Thegoalof this thesisis to constructa veryhigh gainmicrostrip
antennaarraysuitablefor consumereceptionof satellitetelevisionimagesandother
satellitetransmittedinformation. Thearrayis to beconstructedwith manypatches
sharingthesamefeedlineandis to operatein theKu band(11.7GHz- 12.7GHz).The
nextchapterwill explaintheprincipleof patternmultiplicationusedto estimatethegain
of anarrayantenna.Thechapterwill alsoincludeasimplepowerbudgetfor a consumer
satellitedownlink in orderto estimatetherequiredgainof theproposedantennaarray.
INTRODUCTION TO ANTENNA ARRAYS
The limitations associated with a single microstrip patch have been previously
mentioned in the first two chapters of this thesis. For purposes of communication with
geosynchronous satellites, it is desirable to have an antenna with a very high gain and a
narrow beamwidth. However, it was shown that both of these parameters were
unattainable from a single patch. If an array of patches is used it would be possible to
obtain a radiation pattern which is highly directive in one direction. Furthermore, as the
number of elements increases the beamwidth can be made as narrow as one wishes.
Intuitively speaking, the gain of an array is increased as more elements are added,
because the total area of the antenna is increased. This allows more energy to be received
by the antenna. The next section illustrates the principle of pattern multiplication which
is used to evaluate the pattern of an antenna array. The rest of the chapter includes
predicting patterns for the proposed arrays followed by the evaluation of a simple
downlink power budget. The power budget will be used to predict the required receiving
antenna gain needed for use in a DBS satellite downlink.
20
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3.1 Principle of Pattern Multiplication
Suppose a typical antenna is located at some point in free space as shown in figure
3-1 [11 ]. Its far field representation would then be
Ei(0,_p) = f(0,_)iieJ(kq cos_gi +ai), (3.1)
where f(0,_) is the far field function of the particular antenna element in question,
k = 2n/Xo, Ii and ct i refers to the amplitude and phase of each element's feed current,
(ri,0i,_Pi) identifies the location of the antenna element and
cos_g i = cos0cos0 i + sin0sin0 i cos(_ -_i). (3.2)
to point in spaceY,
antenna
_LX
Figure 3-1. Any Antenna Element in Free Space
3.1.1 Linear Arrays
Now, suppose n identical and similarly oriented elements are situated such that
they form a linear array, shown in figure 3-2. From superposition we can say that the
total far field contribution would be
n
E(0,d_) = EI(0,_) + E2(0,d_)+"-+En(0,d_) = EEi(0,_), (3.3)
i=l
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or
n
E(0,_) = f(0,#) _]Ii ej(kri c°swi +°ti) (3.4)
i=l
The far field radiation pattem of the antenna array is found by taking the magnitude of
(3.4); which is,
]E(0,,)[ = If(0,,) I-IAFI, (3.5)
where
n " c°s q/i +°ci ) (3.6)AF = _Ii eJ(kri
i=l
The last term (AF) is usually called the array factor. It is a function of the number of
elements, the interelement spacing, and the amplitude and phase of the excitation currents
of each element. You will notice from equation (3.5) that the radiation pattern of an array
is simply the product of the individual pattern, If(0,_)l, and the array factor. This
equation represents the principle of pattern multiplication. If an array is made from
hypothetical isotropic radiators, whose individual pattern is unity (If(0,d_)isotropic[ = 1),
then the pattern will simply be the array factor.
Yl
P(r,O,do)
"X
Figure 3-2. Linear Array of n Elements Along the z Axis
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3.1.2 Planar Arrays
Now consider a two dimensional array situated in the x/y plane as illustrated in
figure 3-3. Assuming that all of the elements are the same, it can be shown [12] that the
total electric field from the array (at a distant point P) can be written as
E(O, d_) = f(O, d_)AFxAFy. (3.7)
Again, the total radiation pattern of the array can be considered as the product of f(0,_b)
(the individual elemental pattern), and both linear array factors, AFx and AFy. These
linear array factors are dependent on the number of elements along the x and y axes,
respectively, in addition to each element's amplitude (I) and phase (or). Stated
differently, the principle of pattern multiplication also applies to two dimensional arrays.
Xl _ e(r,O,¢)X X-
x
x X ff_X _ _y
X - x X x
x x x x x
x x/_ x_-x
Figure 3-3. A Typical Planar Array
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Determiningtheradiationpatternfor a singleantennaelementis typically time
consuming.Dependingon theelementin question,aradiationpatterncalculationcan
alsobedifficult. Adding anarrayfactorpatternmakesthetotal radiationpattern
calculationverytime consumingandsometimesimpossible. Therefore,manycomputer
programsexist to aid in thedesignof antennaarrays. Theprogramusedextensivelyin
this thesiswaswrittenby DavidPozarandit iscalledPCAAD. Figures3-4(A), 3-4(B),
and3-4(C)illustratethedifficulties in determiningaradiationpatternfor anarray.
Figure3-4(A) is atypical patternfor a singlefull wavedipole. Rememberingthat an
arrayof isotropicradiatorsis simplythepatternof anarrayfactor,figure 3-4(B) is the
arrayfactorpatternfor auniformly spacedsix elementlineararray. Finally, figure 3-4(C)
showstheproductof thetwo previousfiguresfor oneplaneonly. Again, these three
figures were made using PCAAD.
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3.2 Friis Power Transmission Formula
In order to determine a typical gain necessary for a receiving antenna, a DBS
satellite downlink power budget will be analyzed. A downlink power budget is typically
evaluated using the Friis transmission formula. There are essentially two types of
communications systems: a guided wave system and a radio link. A guided wave system
transmits a signal over a confined low loss structure, such as a coaxial cable or
waveguide. Conversely, a radio link transmits a signal through free space. In a guided
structure the power level is decayed exponentially where as the power loss in a radio link
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is inversely proportional to the square of the distance. Therefore, a radio link is
favorable, and sometimes necessary, for large distances. This makes antennas an
important part of some communications systems.
A simplified radio link is shown in figure 3-3. Suppose the known quantities of
the link are: the transmitter power (Pt), the transmit and receive antenna gains
( Gt and G r ), and R the distance between them. The unknown quantity is Pr, the received
power.
Pt Gt Gr
1"--.. V/LOAD _G
 '22Y 
--" R "-V
Figure 3-5. Typical Radio Link
Pr
According to [13] the power flux density incident on the receiving antenna is
F - P,G, (Watts / meter 2 ). (3.8)
4nR 2
The total power collected by the receiving antenna is then
1°, = F. rLA (Watts). (3.9)
Combining (3.8) and (3.9) we get an expression for the received power,
P'G'rlaA (Watts). (3.10)
P,- 4nR 2
According to [7] the gain of a receiving antenna is related to its effective aperture area
and can be written
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4rcrI,A (3 11)
G,_ce,ve- _2 ,
where _, is its operating wavelength. If (3.11) is substituted for the effective aperture area
(rlaA) in (3.10) then the received power can be written in terms of the parameters shown
in figure 3-5. This equation is
P_ = P,G,G r (Watts) (3.12)
and it is known as the Friis power transmission equation. The squared term is referred to
as the path loss. This loss is due to the effects of the spread of energy as an
electromagnetic wave travels away from a source. Therefore, this equation only
represents an idealized case and does not include losses such as atmospheric attenuation,
polarization mismatches, or alignment mismatches.
3.3 Downlink Power Budget
As mentioned in the previous section the Friis power transmission equation (3.12)
only represents an idealized case and does not include physical power losses present in
any real system. Equation (3.12) will now be rewritten to include these losses;
 313>P'-Losses 4 R'
or written in decibel terms [13];
Pr = EIRP + G r - Lp - Losses (dBW), (3.14)
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where EIRP is commonly called the effective isotropically radiated power and it is equal
to the transmitted power multiplied by antenna gain (Pt Gt), Lp is the path loss, and dBW
is a decibel relative to 1 Watt. The transmission formula now includes other losses but it
does not include signal degradation due to thermal noise interference generated by the
microwave devices common in any satellite link.
3.3.1 Thermal Noise
Electrical noise is generated by all active and passive microwave devices that
have a physical temperature greater than OK. A typical communications receiver, shown
in figure 3-6(A), is made up of the receiving antenna, a demodulator (information sink),
and a few microwave devices in between. When a signal is sent from the satellite to the
receiving antenna a noise power is also added. As the signal plus noise travels from the
antenna to the demodulator each device amplifies (or attenuates) the signal as well as the
noise. However, each device also adds an additional amount of self generated noise.
Finally, at the input to the demodulator the noise power is given as [14]
Pn = kTsBG, (3.15)
where k is Boltzmann's constant which is equal to -228.6dBW/K/Hz, T s (figure 3-6(B)) is
the equivalent noise temperature of the entire system in Kelvins, B is the system's
bandwidth in hertz, and G is the total gain of the system. A typical DBS receiving system
will have a noise temperature around 480K [15]. However, more expensive receivers will
have a lower temperature where as the opposite is also true.
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Figure 3-6. (A) Typical Communications Receiver with (B) Equivalent Circuit
In order to make an assessment as to the clarity of the received signal it must be
compared to the noise power. This is usually given as the ratio between the signal
(carrier) power over the noise power, called the carrier to noise ratio (C/N) and it is given
as
C Pr G Pr G Pr
N Pn kTsBG kTsB
(3.16)
An acceptable carrier to noise ratio for television viewing is around 9dB [16].
Combining equations (3.14) and (3.16) and solving for the receiving antenna gain, in
decibels, we have
Gr = C/N - EIRP + Lp + Losses + k + T s + B (dB). (3.17)
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The following table is a list of a typical DBS downlink power budget. The budget
is used to estimate the required gain of the receiving antenna. Typical DBS satellites
have an EIRP around 60dB per 24MHz channel [15].
Table 3-1. Downlink Power Budget for a Typical DBS TV System.
200W output power per channel
Transmit antenna gain (Gt)
Satellite EIRP per channel
23dBW
37dB
60dBW
Losses
Path loss (Lp) at 38,000km
Additional losses
Total Losses
-205.6dB
-4dB
-209.6dB
Noise Power Budget
Boltzmann's constant
Rx system noise temperature (Ts = 480K)
Channel Bandwidth (B = 24MHz)
Noise Power
-228.6dBW/K/Hz
26.8dBK
73.8dBHz
-128dBW
Required C/N 9dB
Required Gr (9 - 60 + 209.6 - 128)dB 30.6dB
Therefore, for a typical DBS system the receiving antenna should have a gain of at least
30.6dB in order to receive a satisfactory signal.
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3.4 Predicted Array Patterns
This section will show the theoretical radiation patterns found from the program
PCAAD for the proposed antenna arrays. These arrays include a 2x2, 4x4, 8x8, and
16x 16 arrays. Along with pattern prediction, PCAAD can also predict the theoretical
directivity for each array. In order to estimate the gain of each array an antenna
efficiency, given in section 2.2, will be multiplied by the directivity. Rectangular patches
will be used to construct each array and these patches have an efficiency around 85%.
Another way to estimate the gain of each array is to consider that every time the physical
area is doubled the gain will also be doubled or increased by 3dB. It was mentioned in
section 2.2 that a single patch has a gain of roughly 5dB. Therefore, a 2xl array (2
patches) has double the area over a single patch and would have a gain of 8dB.
Furthermore, a 2x2 array (4 patches) is four times the size and would then have a gain of
11 dB. Following in this fashion, the gain of a 4x4 array would be 17dB, an 8x8 array
would be 23dB, and finally a 16x16 array would have an estimated gain close to 29dB,
which is very close to the required 30.6dB.
The dimensions of a rectangular patch will need to be determined before any array
can be constructed. The experimental procedure used to pick these dimensions will be
discussed in chapter four and will not be given here. For a patch designed to operate in
the Ku band the best dimensions were found, from chapter four, to be 462 x 308 mil 2
(I. 17 × 0.782 cm2). The interelement spacing was chosen so that the amount of available
space between patches was maximized while the radiation pattern's sidelobe levels were
below a respectable level (< -15dB).
3.4.1 The 2x2 Array
The theoretical E-plane and H-plane pattems for the 2x2 array are shown in
figures 3-7(A) and 3-7(B), respectively. From PCAAD, the directivity was estimated at
13.88dB. Therefore, multiplying by the estimated efficiency (85%), the gain can be
estimated at 11.8dB. The 3dB beamwidth can also be estimated from the two figures.
For the 2x2 array the beamwidth appears to be close to 40 ° in the E-plane and slightly
less in the H-plane.
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3,4.2 The 4x4 Array
Figures 3-8(A) and 3-8(B) show the patterns for the 4x4 array with a predicted
directivity of 19.63dB. This translates to a gain of 16.7dB. In both the E-plane and H-
plane the beamwidth appears close to 20 °.
3.4.3 The 8x8 Array
The patch dimensions for the 8x8 and 16xl 6 arrays were enlarged to
498 x 332 mil 2 (1.26 x 0.843 cm2). The reasons for this enlargement will be explained in
chapter five, section 5.3. The patterns for this array are shown in figures 3-9(A) and 3-
9(B). The directivity was estimated at 25.63dB for a gain of 21.8dB. The beamwidth for
this array seems close to 15 ° in both planes.
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3.4.4 The 16x16 Array
Finally, the patterns for the 16x 16 array are shown in figures 3-10(A) and 3-
10(B). This array has an estimated beamwidth around 8° in both planes. The directivity
was estimated at 32.11 dB for an antenna gain of 27.3dB. Compared to the gain value
found from the downlink power budget, a 16xl 6 array may be suitable if care is taken to
eliminate as much power loss in the link as possible.
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3,5 Chapter Summary_
The beginning of this chapter reviewed the principle of pattern multiplication, one
of the basic concepts used in antenna array design. This concept was explained only for a
special class of arrays known as uniform arrays. Uniform arrays consist of identical
radiating elements that are equally spaced in one (linear array) or two directions (planar
array) and are fed with currents of equal magnitude (I) and capable of having either a
uniform or progressive phase shift (o0. However, our discussion was limited to arrays
with a uniform phase shift only. A uniform array with equal phase shifts will have a
pattern consisting of a single mainbeam in the broadside direction only. In general
however, the total number of elements including their interelement spacing and the
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amplitude and phase of their feed currents can all affect the direction and number of
mainbeams in a pattern.
Actually determining the radiation pattern of an array is usually quite difficult.
Therefore, many computer programs may be used to determine these patterns. This thesis
uses PCAAD in order to determine the patterns for a few planar microstrip arrays. This
program was also used to estimate the gain of each array. In chapter five, experiments
will be conducted on each array and their results will be compared to the predictions
made in this chapter.
In an effort to judge how large a microstrip array would have to be to successfully
communicate with a DBS satellite, a downlink power budget was evaluated. This budget
was solved for the receiving antenna gain. It was determined that the gain would have to
be above 30.6dB. However, if the user is in the center of the satellite's antenna footprint
and care is taken to align the antenna properly, with an appropriate low noise receiver the
gain requirement could be lessened. Therefore, comparing with the results found by the
program PCAAD, a 16xl 6 array could possibly be used in this situation. For reasons not
mentioned here but in section 5.5, an array larger than 16xl 6 was not fabricated and the
thesis will conclude with the results for this array.
£halztexA
EXPERIMENTAL PROCEDURES
This chapter marks the beginning of the actual design and experimental research
on the proposed arrays. Before an array can be fabricated a few initial decisions must be
made. The first decision should be to choose an appropriate dielectric substrate. In other
words, what should be the dielectric permittivity and thickness of the substrate. The
patch geometry would be decided next. Once the geometry is chosen the patch
dimensions should be tuned so that they create a good match at the design frequency.
Other decisions may be to decide on the type of interelement feed structure to use.
This chapter also contains information as to what type of equipment was used to
conduct certain tests on these arrays. For instance, the far-field antenna testing range was
used to determine the E-plane and H-plane radiation patterns of an array. In order to
determine the operating bandwidth of an array, a network analyzer was used. Both of
these tests were conducted using the equipment at the NASA Lewis Research Center in
Cleveland, Ohio.
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4.1 Substrate Selection
As stated in the introduction, before any arrays can be fabricated a suitable
substrate must be chosen. The selection of a substrate is guided by many criteria. The
most important criteria are, not necessarily in order:
(1) To keep the substrate thickness as thin as possible to prevent multiple surface
waves;
(2) To keep the overall attenuation as low as possible;
(3) Environmental limitations, such as temperature, humidity, and aging effects;
(4) Physical limitations, such as conformability, stability, and antenna size and
weight;
(5) Availability;
(6) Cost.
It was noticed that the substrate availability seemed to be the most influential criteria at
NASA Lewis. The only substrates available on site were PTFE RT/duroid types 5880
and 6010 and PTFE Cuflon. The available RT/duroid 5880 (with dielectric constant, er--
2.2) came in substrate thickness' of 10, 20, 25, 62, and 125 mil. Type 6010 (er -- 10.2)
came in thickness' of 10, 25, and 50 mil. The only Cuflon (er = 2.2) available came in
sizes of 10 and 20 mil.
high loss tangent [17].
after etching.
However, RT/duroid 6010 was ruled out because of its relatively
Cuflon was also ruled out because it had a tendency to curl up
Therefore, the only decision left was to determine a thickness for the 5880
substrate.
39
4,1.1 Surface Wave Criteria
In order to eliminate multiple surface waves the substrate thickness should be
made as thin as possible. However, thinner substrates cause a reduction in efficiency and
operating bandwidth. Therefore, a compromise must be found. In order to determine
how thick the substrate can be the following equation [18] can be used;
C
h(thickness) _<4fu _, (4.1)
where, c is the velocity of light and fu is the maximum operating frequency (12.7GHz).
Substituting I_r = 2.2 into equation (4.1) and solving, we get a maximum substrate
thickness of
h _<212mil (0.54cm). (4.2)
Therefore, all of the available substrates are still suitable candidates.
4.1.2 Attenuation
Before the thickness can be chosen a few more criteria must be examined. One
of these is the relationship between attenuation and substrate thickness. The attenuation
constant in a microstrip circuit is given by [19]
ot = _d + _c, (4.3)
where et a is the attenuation constant due to dielectric loss and etc is due to conductor loss.
Figure 4-1 shows how the total attenuation constant varies with thickness. The full
details of this dependence is not given here but is referenced in [19].
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Figure 4-1 clearly indicates that as the thickness of the substrate is increased, the
attenuation is decreased. This should lead to concluding that the 125mil thick substrate is
the best choice. However, the size of a typical microstrip network is increased as the
thickness is increased. For instance, the width ofa 50f2 transmission line is only 63mil
when the substrate thickness is 20mil. In contrast, a 62mil thick substrate increases the
transmission line width to 212mil. Remembering that in order to achieve a normal
radiation pattern, the separation between patches should be less than one free space
wavelength, which at 12GHz is roughly 980mil. Therefore, for very large substrate
thickness', arranging a number of patches into an array becomes quite difficult. With all
of these factors taken into account, the substrate eventually chosen was RT/duroid 5880
with a thickness of 20mil.
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4.2 Single Patch Antennas
Once a decision was made as to which substrate would be used, experiments on
single rectangular patches were finally begun. The geometry of the patch was chosen to
be rectangular because of the lack of difficulty in both drawing the patch using a CAD
application and cutting out its mask using a plotter. The initial dimensions of the patch
were chosen so that operation would be close to 12.45GHz. This frequency was chosen
because the density of higher powered DBS satellites is greater in the 12.2GHz to
12.7GHz band.
At this point it was decided that each patch would be fed via a 50_ microstrip
transmission line. If the patch is normalized to 50£2 then the interelement feed structure
is easier to design when an array is eventually built. Recalling from chapter two, the
impedance of a patch changes with its feed position. Therefore, referring to figure 4-2, an
optimum insertion depth along with an appropriate gap dimension would have to be
found in order to produce a good match between the feed line and the patch. To operate
this patch close to 12.45GHz the a and b dimensions would also have to be adjusted.
However, according to [20] the a to b aspect ratio should be kept to 1.5 (a/b = 1.5) in an
effort to keep cross polarization levels at a minimum. Using the aspect ratio criteria and
equations (2.1) and (2.2), the initial dimensions were found to be; a = 480mil (1.22cm)
and b = 320mil (0.813cm) for the lowest order TM10 mode.
In order to determine the best set of dimensions, each patch was connected to an
HP8510 Network Analyzer. A network analyzer measures the S parameters, discussed in
the next section, of a one or two port network as a function of frequency. After each
42
antennapatchwasconnected,theHP8510wassetup in aoneport configurationandan
Sll parameterwasmeasured.TheSll parameterin thiscaseis basicallythereflection
coefficientof a particularantenna.ThelargertheSll parametertheworsethematch.
Therefore,thepatchthatproducesthe lowestSll valueis obviouslythebestdesign.
In orderto optimizethedimensionsof thesinglepatcha numberof slightly
differentpatcheswerefabricatedandtestedon thenetworkanalyzer.Two dimensions
werealteredin eachpatch. Thefirst two dimensionsoptimizedwerethegapanddepth
dimensions.In orderto optimizethesedimensionsaandb werenotvaried. As stated
previouslyin this section,thesedimensionswereoriginally setto a= 480mil and
b = 320mil.
Thefirst five patchestestedall hada gapof 10mileachwith adepthinsertionthat
wasvariedfrom 64mil to 80mil in stepsof 4mil. Thesecondfive patchestestedhada
gapof 12mil for thesamefive depthinsertions.In all, twenty five patchesweretested
wherethegapwasvariedfrom 10mil to 18mil in stepsof 2mil andthedepthwasvaried
from 64mil to 80mil in stepsof 4mil. Themicrostrippatchthatproducedthebestmatch
hada gapof 10milandadepthof 64mil.
However,this patchoperatedat afrequencyof 12.1GHz. In orderto bringthe
operatingfrequencybackup to thedesignfrequency(12.45GHz)asecondgroupof
patchesweretestedwith changesmadein theaandb dimensionsfollowed by achangein
thedepthof insertion. After a numberof trialsa singlemicrostrippatchwith the
following dimensionswasfoundto producethebestmatchclosesto 12.45GHz:a=
462mil (1.17cm),b = 308mil (0.782cm),d = 66mil (0.168cm),andg = 10mil (0.025cm).
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Figure 4-2. Typical Microstrip Antenna Patch with Microstripline Feed
4.3 Impedance Bandwidth
As mentioned in the previous section, a network analyzer measures the S
parameters of a network as a function of frequency. Each S parameter in the scattering
matrix of an n port microwave network can be defined in terms of a voltage wave
incident on that port (Vn +) and the corresponding voltage wave reflected back (Vn-). In
terms of these incident and reflected waves the matrix is defined as [21 ]
Iv_ s,  rv,v; = S2, ! v;
i., S +s ... °.JLV:
One element from the matrix is then defined as
- Vi-[ (4.5)sij
-V. + •
J [v;=o,k.j
(4.4)
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In otherwordsSOcanbe foundby drivingportj with an incidentwaveandmeasuringthe
wavereflectedfrom port i while all other ports are terminated in matched loads.
Therefore, the reflection coefficient of port i is the Si_ parameter and Sij is the
transmission coefficient from portj to i. If the network has only one port, as is the case
with a single patch antenna, then the matrix is simply one term; the reflection coefficient
(Sji).
When a patch is connected to the network analyzer this reflection coefficient
becomes a measure of its input impedance. Usually the impedance of a patch is measured
over a large band of frequencies. At certain frequencies this impedance can be larger or
smaller than the desired 50ff_. If the deviation is very large then standing waves will
occur and the signal becomes deteriorated. The impedance bandwidth is therefore
defined as the band of frequencies such that signal degradation is minimal, or when the
VSWR < 2. For the purposes of this thesis it was more convenient to define the
bandwidth as the band of frequencies such that S ll -< -10dB (VSWR < 1.22). Under the
following criteria the bandwidth of the single patch was determined to be close to 2.5%.
4,4 Antenna Gain and Radiation Pattern Measurements
The gain and pattem measurements for all of the arrays investigated in this thesis
were conducted at the far field antenna measurement facility at NASA Lewis. The
current configuration is shown in figure 4-3. This system was developed by John Terry
formally of NASA Lewis.
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Figure 4-3. NASA Lewis Research Center Far Field Antenna
Measurement Facility Block Diagram
This facility is capable of making up to four different types of measurements:
amplitude-vs-frequency, amplitude-vs-angle, phase-vs-frequency, and phase-vs-angle.
The E-plane and H-plane measurements are given as amplitude-vs-angle plots (dB-vs-
degrees). The gain of an antenna can be evaluated from this measurement as well. The
bandwidth of an antenna could be determined from the amplitude-vs-frequency plot but
usuallyisn't because this plot is dependent on the transmitting antenna which is not a
linear device with respect to frequency.
A Hewlett Packard personnel computer is used to control each measurement
process. All the necessary information about which type of measurement will be made is
entered into the PC. This information usually includes a frequency range, an output
power level, and an angular position sweep. The PC uses this information to control the
microwave transmitting hardware. A source signal is created by the transmitting
hardware and is first divided in two. One part of the source signal is sent back to the
receiver in order to establish a reference signal. The remaining source signal power is
used to feed a calibrated transmit antenna, with known antenna gain, which is pointed in
the direction of the antenna under test (AUT). The distance between the transmitting
antenna and the AUT is large enough to ensure that the radiated wave is essentially a
plane wave as it reaches the AUT (far field).
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4.4.1 Radiation Pattern Measurement
The signal received by the AUT is sent to the receiver. To calculate a radiation
pattern the AUT is mounted on a turntable whose angular position is controlled by the
PC. The position of the AUT is usually rotated from -90 ° to 90 °, where the broadside of
the AUT is at 0 °. The received signal and the reference signal are compared at the
receiver where a corresponding amplitude and phase is assigned for each position by an
HP8410B network analyzer. This information is sent back to the PC where the amplitude
and phase is correlated with its correct angular position. This information can then be
presentedin theform of anx/y plot as either an amplitude-vs-angle plot or a phase-vs-
angle plot.
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4.4.2 Antenna Gain Measurement
The gain of the AUT can be measured by comparing its maximum power received
to the maximum power received by a standard gain horn with known antenna gain. The
difference between the received maximums of the two antennas is either added or
subtracted from the antenna gain of the horn and assigned to the AUT. For example, at
12GHz the maximum power received by the AUT is 20dB and by the horn is 25dB, for a
difference of-5dB. At the same frequency the horn is rated at a gain of 23.6dB.
Therefore, the AUT is measured to have a gain of about 18.6dB.
4.5 Chapter Summary.
This chapter began by detailing the selection process used in choosing the
microstrip patch substrate material. After taking stock of the available material supplied
by NASA Lewis the selection process was used to weed out all the unwanted material.
The material that was eventually used was RT/duroid 5880 with a dielectric thickness of
20mil and dielectric permittivity of 2.2.
The chapter then proceeded to explain what experiments were made on single
patch antennas. An S parameter test was necessary to determine the best dimensions for a
single patch in order to operate close to 12.45GHz. The optimized dimensions were
found to be a -- 462mil, b = 308mil, d = 66mil, and g = 10mil.
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Thechaptereventuallyconcludedwith describingtheimpedancebandwidthand
radiationpatternmeasurementtechniquesusedto evaluateall of theantennaarraysin this
thesis.Furthermore,adescriptionof theantennagainmeasurementwasalsogiven.
Namely,thegainof eacharraywasmeasuredbasedon its maximumpowerreceivedand
theantennagainof astandardgainhom. All threeof thesemeasurementtechniquescan
bemadeusingequipmentsuppliedby theNASA Lewis ResearchCenter.
£hapXe 
EXPERIMENTAL RESULTS FOR THE ANTENNA ARRAYS
The experimental results of the 2x2, 4x4, and 8x8 sub-arrays as well as the 16x16
array will be presented in this chapter. The operating bandwidth, radiation pattern, and
antenna gain will all be determined for all four of these arrays. In addition, the measured
gain and radiation pattern will be compared to the predictions made in chapter three.
5,1 The 2x2 Sub-Array
The first step in the design of this array was to determine a suitable interelement
feed structure. Since the bandwidth of the single patch was only 2.5%, a simple quarter
wave parallel feed network was considered adequate. The feed network, shown in figure
5-1, consists of a 70.7f2 quarter wave transmission line used to transform a 50_ antenna
into a 100_ load. Two 100_ loads can then be combined, in parallel, to form another
50f2 load. This process can be repeated for each pair of patch antennas.
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} ;L/4
Figure 5-1.2x2 Sub-Array Layout with Quarter Wave Transformers
5.1.1 Measured Operating Characteristics of the 2x2 Sub-Array
The measured E-plane and H-plane patterns are given in figures 5-2(A) and
5-2(B), respectively. Both patterns are shown with respect to its corresponding
theoretical pattern predicted in chapter three. The measured 3dB beamwidth is roughly
42 ° in the E-plane and 30 ° in the H-plane. The gain was calculated to be close to 1 ldB.
All three of these values seem to be comparable to the predicted values of chapter three.
From figure 5-3, the bandwidth is close to 2.1%, which is a reasonable value considering
the single patch bandwidth is 2.5%. However, probably due to coupling between patches,
the center frequency shifted down to 12.29GHz, slightly lower than the design frequency
of 12.45GHz.
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Figure 5-3. Reflection Coefficient -vs- Frequency for the 2x2 Sub-Array
5.2 The 4x4 Sub-Array
This array was fabricated using four of the 2x2 sub-arrays mentioned in the
previous section. Each patch was fed with the same interelement feed structure. The
actual mask of the 4x4 sub-array is shown in figure 5-4.
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5.2.1 Measured Operating Characteristics of the 4x4 Sub-Array
Figures 5-5(A) and 5-503) show the measured E-plane and H-plane patterns with
respect to their predicted patterns. The E-plane 3dB beamwidth was determined to be
roughly 20" and the H-plane beamwidth was determined to be 16 °. The gain for this
array was calculated to be 19dB. It appears that the nulls in both patterns match up fairly
well with the nulls from the predicted patterns, indicating a normal radiation pattern. The
operating bandwidth for the 4x4 sub-array, shown in figure 5-6, is also close to 2.1%.
However, the center frequency of this array shifted up to 12.54GHz, slightly higher than
the center frequency of the 2x2 sub-array. This frequency shift could also be attributed to
coupling.
Figure 5-4. Mask of the 4x4 Sub-Array Shown Actual Size
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5.3 The 8x8 Sub-Array
The first 8x8 sub-array fabricated was made from four of the 4x4 sub-arrays
described in section 5-2. It was mentioned in section 5.2.1 that the center frequency of
the 4x4 array experienced an upward shift with respect to the 2x2 array. This trend
continued, as illustrated in figure 5-7, when this first 8x8 sub-array was tested. In order
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to bring the operating frequency back down, a second 8x8 sub-array was designed. Each
patch in this new array was enlarged according to equations (2.1), (2.2), and the aspect
ratio criteria (a/b = 1.5). About the same time in this thesis research it was discovered
that the satellite receiving equipment available at NASA Lewis operated only in the older
Ku band (11.7GHz - 12.2GHz). Therefore, the target frequency for this new 8x8 sub-
array was set at 12.0GHz instead of 12.45GHz.
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Figure 5-7. Upward Shift ofthe Center Frequency forthe
2x2,4x4, and 8x8 Sub-Arrays
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Limited to theaspectratiocriteria,equations(2.1)and(2.2)weresolvedfor the
dimensions,aandb, at afrequencyof 12GHz. Thesenewpatchdimensionswerefound
to bea = 498mil (1.26cm)andb = 332mil (0.843cm). In orderto completethechanges
neededfor atransformationto the lower frequency,the interelementfeedstructurewas
alsomodified. Theadjustmentsneededwereto appropriatelylengtheneachquarterwave
transformeranddetermineasatisfactoryspacingbetweeneachpatch. Sincethenew
operatingwavelengthis larger,thedistancebetweenpatchescouldbe increasedwithout
creatinghugedistortionsin theradiationpattern. Themaskfor this modified 8x8sub-
arrayis shown,actualsize,in figure 5-8.
5.3,1 Measured Operating Characteristics of the 8x8 Sub-Array
The E-plane and H-plane radiation patterns of the modified 8x8 sub-array are
shown in figures 5-9 (A) and (B). The 3dB beamwidth was calculated to be 11 o in the E-
plane and closer to 9 ° in the H-planel The gain was estimated to be 22.5dB at 12GHz.
Again, it is evident from figures 5-9 (A) and (B) that the nulls of each pattern match up
very well with the predicted pattems, indicating a normal pattern. The operating
bandwidth of this sub-array is 1.3%, calculated from figure 5-10. Figure 5-11 illustrates
the difference in the center frequencies of the two 8x8 sub-arrays. As one can see the
modified sub-array operates close to 12GHz while the unmodified sub-array has a center
frequency almost outside the Ku band.
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Figure 5-8. Mask of the 8x8 Sub-Array Shown Actual Size
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5.4 The 8x8 EMCP Sub-Array
In an effort to determine if the overall gain of the 8x8 sub-array could be
increased without compromising the complexity of its design, a few 8x8 EMCP arrays
were fabricated. These arrays were constructed by simply covering the 8x8 sub-array,
studied previously in this chapter, with a layer of parasitic patches separated by a
dielectric superstrate. According to [2], [8] there is only a small rangeof superstrate
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thickness'that causeanincreasein gain. Thisrangeis roughly0.3_,0- s_ 0.5_,0,wheres
is the separation between the parasitic patches and the fed patches (superstrate thickness).
At an operating frequency of 12GHz the free space wavelength is 984mil (2.5cm).
This corresponds to a superstrate thickness range of 295mil _<s _<492mil, or roughly
1/4in _<s _<1/2in. At the time of this thesis research the only suitable material available at
NASA Lewis was an inexpensive styrofoam spacer (er _ 1) that came in 1/8in thick
sheets. This limited the number of trials to three (3). One EMCP array was made with a
superstrate thickness of 1/4in (250mil) a second with a 3/8in (375mil) thick superstrate
and a third with a 1/2in (500mil) thick superstrate.
The H-plane patterns of the three EMCP arrays are shown in figure 5-12 with
respect to the non-EMCP array. The 8x8 EMCP array with a superstrate thickness of
500mil increased the overall gain by approximately 1dB with a first sidelobe suppression
greater than 3dB. Therefore, an increase in gain was attainable for the 8x8 sub-array
without adding to the complexity of the design. This principle will be tested in the next
section when a 16x 16 EMCP array will be fabricated using four of these 8x8 EMCP
sub-arrays with a superstrate thickness of 500mil.
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5.5 The 16x16 Array
This array was fabricated using four of the modified 8x8 sub-arrays designed to
operate at 12GHz, discussed at length in section 5-3. At the time of this thesis the photo-
etcing equipment available at NASA Lewis was incapable of etching any circuit board
larger than 7in x 7in. This is very close to the size of one 8x8 sub-array. Therefore, four
sub-arrays were etched separately and fed by an external microstrip feed network. The
external network shares the same ground plane as the sub-arrays but faces in the opposite
direction. Energy is coupled from the external network to the sub-arrays through a small
aperture cut into the ground plane, illustrated in figure 5-13.
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Figure 5-13. Exploded View of an Aperture Coupled Transition for the 16x16 Array
5.5.1 Measured Operating Characteristics of the 16x16 Array
The E-plane and H-plane patterns of the 16x16 array are shown in figures 5-14
(A) and (B) respectively. From these figures the 3dB beamwidth was determined to be 6 °
in the E-plane and 5 ° in the H-plane. The gain was calculated, by the method mentioned
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in section 4.4.2, to be 26dB. An estimate of the gain was also made by comparing the
carrier to noise ratio (C/N) of one signal received by both the 16x16 array and a NASA
Lewis 5m dish. An R.S.I. #500KS 5m dish with a gain of 53.6dB was positioned to
receive a typical Ku band television signal. The signal in question was channel 97
horizontal (12.18GHz) transmitted from the ANIK-E 1 satellite (azimuth = 215.89 °,
elevation = 35.65", polarization = 81.5 ° from Cleveland, Ohio). The carrier power to
noise power ratio was determined from a spectrum analyzer to be roughly 45dB for the
dish. When the dish was replaced by the array the carrier to noise ratio was reduced to
19dB. This is a difference of 26dB. This difference when subtracted from the gain of the
dish results in an estimate for the array. When calculated this gain estimate is 27.6dB,
which seems to corroborate the value calculated from the method mentioned in section
4.4.2.
The size of the 16xl 6 array also prevented it from being connected to the network
analyzer. Therefore, the operating bandwidth could not be accurately determined and is
not given here. However, it would be reasonable to assume that the bandwidth is at least
that of the 8x8 sub-array which is 1.3%.
Studies on 16x 16 EMCP arrays showed no improvement on antenna gain over the
non-EMCP array. Due to the limited amount of superstrate material only two thickness'
were tested. Therefore, more tests would have to be conducted before a conclusion can
be made about the effects parasitic patches have on antenna gain for this 16x 16 array.
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_5,6 Chapter Summary
This chapter presented the measured operating characteristics of the 2x2, 4x4, and
8x8 sub-arrays in addition to the 16xl 6 array. Specifically, these operating
characteristics were, the E-plane and H-plane radiation measurements, the 3dB
beamwidth in each plane, the antenna gain, and finally, the bandwidth.
Section 5.2 indicated that the center frequency of the 4x4 sub-array was higher
than the 2x2 sub-array. This trend continued when an 8x8 sub-array was fabricated using
the same patch dimensions and feed network used in the 2x2 and 4x4 sub-arrays. A
second 8x8 sub-array was then redesigned with the appropriate modifications made in
order for it to operate at 12GHz. This same array was then used to make three EMCP
arrays. EMCP arrays were made in order to determine if the gain could be increased
without compromising its design complexity. It was found that an 8x8 EMCP array with
a superstrate thickness of 500mil was able to increase the gain by ldB.
The largest array tested in this thesis was the 16x 16 array. It had an antenna gain
of about 26dB and an operating bandwidth estimated at less than 1.3%. Its 3dB
beamwidth was 6 ° in the E-plane and 5 ° in the H-plane. Because of the size of this array
it was impossible to fabricate all 256 patches on the same substrate. Therefore, four 8x8
sub-arrays were fabricated separately and connected by an external feed network.
CONCLUSIONS AND FUTURE RESEARCH
6,1 Chapter Summaries
The first chapter of this thesis began with an introduction to the microstrip patch
antenna. Some advantages and disadvantages associated with a single radiating element
were then presented. Microstrip antennas were first studied because of how simple it was
to fabricate radiating elements on the same circuit board as other microwave networks.
This ultimately could reduce the cost and size of many communications packages.
Unfortunately, studies also revealed that the operating characteristics of single patches
were not optimum. Problems such as narrow bandwidth, wide beamwidth, and low
antenna gain were common.
The first chapter then proceeds to introduce some methods that have been
developed for improving these characteristics. Most of these methods required additional
patches which obviously increase the size of an antenna. These additional patches can be
either stacked on top or placed in the same plane as a main fed patch. Whether or not the
added patches are fed or parasitic can also have an improved effect on an antenna's
operating characteristics. Other ways to improve the characteristics of an antenna
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includedmethodsthatalter thepermittivity of thesubstrate.Usually thesemethods
increasedthecomplexityof theantenna.
Also includedin thefirst chapterwasabrief descriptionof NASA Lewis'
fabricationprocessusedfor manufacturingof microstripnetworks.This processwas
mentionedin orderto describetheproblemsassociatedwith fabricatinganymicrostrip
networkwith physicaldimensionsgreaterthan7in x 7in. Thisproblemwasencountered
in chapterfive whena 16xl6 arraywasdesigned.Thephysicaldimensionsof this array
weremuchgreaterthan7in x 7in causingaslight modificationin its design.
Chaptertwo presentedpreviousresearchmadeonmicrostripantennas.Single
patcheswerementionedto haveagainaslow as5dBandabandwidthasnarrowas2.5%.
Researchondifferentantennageometrieswasthendescribed.Theseantennasincluded
smallarraysandEMCPantennas.Theimprovementsfor eachtypeof geometrywasthen
given.
Thethird chapterbeganwith anillustration of theprincipleof pattem
multiplication. Thisprinciplestatesthattheradiationpatternof ahomogeneousantenna
array(anarraymadefrom identicalelements) is simply the product of the pattem from a
single element and the array factor. The array factor is dependent on the number of
elements, the spacing in between elements, and the amplitude and phase of the excitation
currents supplied to each element. It is the array factor that causes large increases in
antenna gain for antenna arrays.
Chapter three then proceeded to calculate a downlink power budget in order to
estimate the gain required for a typical DBS satellite receiving antenna. This value was
7O
usedto estimatethenumberof microstrippatchesneededto form anarraywith the same
gain. In orderto determinethenumberof patchesneededaswell asthespacingbetween
eachpatcha programcalledPCAADwasused.This program,developedby David
Pozar,canestimatetheradiationpatternanddirectivity of manymicrostriparrays.From
this programit wasdeterminedthat amicrostriparraymadefrom just 256patchesmight
besufficient. Thisarraywouldeventuallybethelargestarraystudiedin this thesis.
Thefourthchaptermarkedthebeginningof theactualexperimentalresearchmade
onmicrostripantennaarrays.This chapterprimarily dealtwith theproblemof choosing
anappropriatesubstratematerial. Oncethismaterialwaschosenexperimentalresearch
wasmadeonsinglepatches.Specifically,thesize,shape,andfeedpoint of asingle
microstrippatchwereall optimized. This chapteralsopresentedadescriptionof each
laboratoryfacility availableat NASA Lewisusedfor evaluatingtheoperating
characteristicsof antennas.
Finally, chapterfive presentedall of themeasuredcharacteristicsfor theantenna
arraysresearchedin this thesis. The2x2and4x4sub-array'sweremadeof thesingle
patchesthat wereoptimizedto operatecloseto 12.45GHz,mentionedin chapterfour. In
orderto tunetheoperatingfrequencydownto 12GHzadifferent sizepatchwasusedfor
theconstructionof the 8x8sub-arrayandthelarger16xl 6array. Theoperating
characteristicsof the 16xl6 arrayweremeasuredto haveanantennagainof 26dB,a
bandwidthof at least1.3%,andanaverage3dBbeamwidthof 5° in bothplanes.
Includingall of thestructuralsupportmaterialtheoverall sizeof the 16x16array
measuredabout12inx 18inx lin.
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Thecharacteristicsof thisarraydonotmakeit highly compatiblewith DBS
televisionreception,duemainly to its limited bandwidth. At aratedbandwidthof 1.3%
this translatesto anacceptablereceptionof at most2 (two) televisionchannels.
However,for smallerdataandvoicechannelsthenumberof quality channelsreceived
wouldbemuchgreater.In orderto improvethecharacteristicsof this arraya fewtopics
of suggestedresearcharegivenin thenextsection.
6.2 Topics of Related Research
Two areas of research exist for increasing the number of television channels
received by the 16x 16 array studied in this thesis. The first area involves tuning its
narrow 1.3% bandwidth over a large band of frequencies. Referring to the discussion in
chapter two, the operating frequency of a single microstrip patch antenna can be changed
by simply altering the permittivity of its substrate. A tuning range of up to 20% has been
accomplished for a single patch antenna. However, studies on the effects a change in
substrate permittivity has on larger microstrip arrays are limited. Therefore, research on
incorporating permittivity altering techniques for large 16xl 6 arrays could be made.
A second area of research for increasing the number of received television
channels involves increasing its overall bandwidth. This could be accomplished by
constructing the array with a layer of parasitic patches separated by less than 0.15_,0 from
the fed array layer. This range of superstrate thickness for an EMCP type array, studied
by [2] and [8], typically resulted in an increase in overall bandwidth. However, their
studies were also limited to only single patches and small arrays. Research on large
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16xl6 EMCParrayswith superstratethickness'conduciveto an increase in bandwidth
could also be made.
In order to improve the carrier to noise ratio of any received television signal the
gain of the 16x16 array should be increased. As mentioned in section 5.4 and 5.5, an
attempt to increase the gain of the 8x8 sub-array and the 16x16 array was made by
placing parasitic patches on top of the fed array layer but with a superstrate thickness in
the range 0.3X0 < s < 0.5_.0. However, due to the insufficient amount of superstrate
material present at NASA Lewis a thorough study on gain enhancement was impossible.
Therefore, continued research in this area could be made as well.
Finally, A large motivation behind the research conducted in this thesis was to
determine if a cheaper more practical antenna could be made to compete with existing
satellite receiving antennas. Most satellite receiving antennas are parabolic reflectors that
require mechanical motors to steer their main beam. If the amplitude and phase of the
excitation current fed to each patch in the 16xl 6 array can be controlled electronically
then the main beam of the antenna can also be controlled. This type of antenna is usually
called a phased array antenna. The ability to make a lightweight, fiat, and electronically
steerable satellite receiving antenna would reduce the set up time and pointing loss
associated with most parabolic reflectors. If improvements on the bandwidth of the
16xl 6 array can be successfully made then research into microstrip phased array antennas
would be the most logical choice.
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